The benefits of cardiac resynchronization therapy (CRT) in clinical trials were greater among patients with left bundle-branch block (LBBB) or longer QRS duration.
C linical trials have shown that cardiac resynchronization therapy (CRT) improves symptoms and reduces mortality and readmission among selected patients with heart failure and left ventricular systolic dysfunction. Following broad implementation of CRT, it was recognized that onethird to one-half of patients receiving the therapy for heart failure do not improve. 1 Identification of patients likely to benefit from CRT is particularly important, because CRT defibrillator (CRT-D) implantation is expensive, invasive, and associated with important procedural risks. A primary question regarding optimal patient selection for CRT is whether patients with longer QRS duration or left bundle-branch block (LBBB) morphology derive greater benefit than others. Current guidelines recommend selection of patients primarily on the basis of QRS duration and morphology based predominantly on metaanalyses and subgroup analyses of clinical trials evaluating either QRS duration or morphology. Only 1 study specifically evaluated the combination of QRS duration and morphology but did not assess meaningful patient outcomes. 2 Thus, the role of QRS duration and morphology in the selection of patients for CRT in contemporary clinical practice remains unclear.
The objectives of this study were to determine the longterm outcomes of unselected patients undergoing CRT-D implantation in real-world settings and associations between combinations of QRS duration and presence of LBBB and longitudinal outcomes, including mortality, readmission, and complications following CRT-D implantation in a large population of Medicare beneficiaries who received CRT-Ds.
Methods

Data Sources
The institutional review board of the Duke University Health System approved the study. Data were from the National Cardiovascular Data Registry's ICD (implantable cardioverterdefibrillator) Registry. The registry data include demographic characteristics, medical history, clinical information, and laboratory test results obtained before or during the implantation procedure, as well as physician and site identifiers. Standardized data elements and definitions are used. Participating hospitals submit the data using certified software. Data quality is examined through a formal data quality program to ensure completeness and consistency, and accuracy is examined through yearly audits. 3, 4 Longitudinal outcomes were obtained by linking the registry data to Medicare claims using indirect identifiershospital, admission date, discharge date, patient sex, and birth date. 5 Combinations of these identifiers are almost completely unique, enabling identification of registry implantations in the Medicare claims data. Medicare inpatient claims and denominator files were used for follow-up through December 31, 2011. The inpatient files contain hospital claims for reimbursement under Medicare Part A. The denominator files contain death dates.
Study Population
We included patients 65 years or older who had a registry record for a CRT-D implantation between April 1, 2006, and December 31, 2009; were enrolled in fee-for-service Medicare at the time of the procedure; and could be linked to Medicare claims data. If multiple implantation records were linked for a single patient, we used the earliest record for the analysis. We excluded patients who had undergone epicardial lead implantation, previous placement of an ICD or pacemaker, implantation for secondary prevention, or coronary artery bypass graft (CABG) surgery or percutaneous coronary intervention (PCI) during the implantation hospitalization or who were missing documentation for any of the exclusion criteria. We hypothesized that patients admitted for CRT-D implantation would have different characteristics and outcomes than patients admitted for other reasons (eg, heart failure, acute coronary syndrome). Therefore, patients were categorized as either admitted for CRT-D implantation or admitted for other reasons. The primary analyses included patients admitted for CRT-D implantation; secondary analyses included patients admitted for other reasons.
Exposures
Predictor variables of interest included QRS duration and LBBB. QRS duration was recorded as a continuous variable in the registry. For consistency with guidelines for CRT-D available during the study, we limited the analysis to patients with QRS duration of 120 ms or greater. 6 Intraventricular conduction from electrocardiogram findings was recorded as a categorical variable in the registry with 9 possible values, including LBBB. Based on current literature, we focused on LBBB morphology and QRS duration categories of 120 to 140 ms and 150 ms or greater. We combined QRS duration and the presence or absence of LBBB and assigned patients to 1 of 4 categories: LBBB and QRS duration of 120 to 149 ms, no LBBB and QRS duration of 120 to 149 ms, LBBB and QRS duration of 150 ms or greater, and no LBBB and QRS duration of 150 ms or greater.
Outcomes
The outcomes of interest were all-cause mortality, all-cause readmission, cardiovascular readmission, heart failure readmission, and complications. Patients underwent follow-up for up to 3 years after CRT-D implantation, and the number of days to each outcome was calculated using the implantation date recorded in the registry. The relevant periods for each outcome were selected on the basis of clinical judgment. Mortality was assessed at 30 days, 1 year, and 3 years. Readmission was assessed at 30 days and 1 year. Complications included (1) pneumothorax, hemothorax, hematoma, cardiac tamponade, and a composite end point of these complications at 30 days; and (2) infection and mechanical complications at 90 days, 1 year, and 3 years, and a composite end point of these outcomes at 90 days. 
Patient Characteristics
Baseline characteristics were obtained from the registry and included demographic characteristics, medical history, and clinical measures. Data for the demographic variables were complete, and the other variables had low rates of missingness (ie, <5% of records). Missing continuous variables were imputed to the overall median value, and missing dichotomous variables were imputed to "no." 7 
Statistical Analysis
For baseline characteristics, categorical variables are presented as frequencies with percentages and continuous variables as means with SDs. Patients were grouped by reason for admission, and differences in baseline characteristics were tested for using χ 2 tests for categorical variables and KruskalWallis tests for continuous variables. The primary analysis included patients admitted for CRT-D implantation; secondary analyses included patients admitted for other reasons. Kaplan-Meier methods were used to estimate mortality and log-rank tests to assess differences in mortality among strata of QRS duration and LBBB categories. For other outcomes, we used the cumulative incidence function, which accounts for the competing risk of death, and we used Gray tests to assess differences in outcomes between the groups.
Cox proportional hazards models were used to examine univariate and multivariable associations between QRS duration and LBBB category and outcomes after CRT-D implantation. In multivariable analyses, each outcome was modeled as a function of QRS duration and LBBB category, age, sex, race, renal failure, hypertension, diabetes, atrial fibrillation, chronic lung disease, cerebrovascular disease, ischemic heart disease, prior myocardial infarction, prior CABG surgery, prior PCI, congestive heart failure duration, history of syncope, history of ventricular tachycardia, prior congestive heart failure hospitalization, New York Heart Association (NYHA) class, ejection fraction, systolic blood pressure, serum sodium level, serum creatinine level, blood urea nitrogen level, year of procedure, quartile of annualized implanting clinician ICD volume, and quartile of annualized site-level ICD volume. Robust standard errors were used to account for clustering of patients within hospitals. The censoring date was the earliest of the end of the period for which data were available (December 31, 2011) or the date on which the patient's data were no longer available because the patient enrolled in a Medicare managed care plan. For outcomes other than mortality, patients were censored at the time of death. In all analyses, the proportionality assumption was tested for the QRS duration and LBBB category of interest.
A significance level of P < .01 was used for all hypotheses to correct for multiple comparisons. All tests were 2-sided. We used SAS version 9.2 (SAS Institute Inc) for all analyses.
Results
Between April 2006 and December 2009, 96 380 Medicare beneficiaries 65 years or older were admitted for CRT-D implantation and could be linked to Medicare claims data. Exclusions were based on receipt of an epicardial lead (n = 4287), previous ICD placement (n = 34 133), previous pacemaker placement (n = 19 370), CRT for secondary prevention (n = 14 870), CABG surgery (n = 689) or PCI during the hospitalization (n = 1403), and QRS duration of less than 120 ms (n = 4688). After these exclusions, 35 248 patients met the inclusion criteria. Of those excluded, 540 (0.6%) were excluded because of missing documentation of exclusion criteria. Among patients meeting the inclusion criteria, 11 079 were admitted for other reasons, resulting in a primary study cohort of 24 169 patients admitted for CRT-D implantation. eFigure 1 (Supplement) shows the derivation of the study population.
Among fee-for-service Medicare beneficiaries admitted for CRT-D implantation, the mean age was 75 years; 68% of the patients were men and 90% were white ( Table 1) . Common coexisting conditions included hypertension (78%), ischemic heart disease (65%), diabetes mellitus (38%), atrial fibrillation or flutter (32%), and chronic lung disease (23%). The majority of patients had NYHA class III heart failure symptoms (83%), 67% had LBBB, and 55% had a QRS duration of 150 ms or greater. Among patients without LBBB, 29% had a nonspecific intraventricular conduction delay, 29% had right bundlebranch block, 20% had normal conduction, 10% had right bundle-branch block with left anterior or posterior fascicular block, 6% were paced, and 6% had either left anterior or posterior fascicular block alone.
Mortality rates in the primary overall study cohort were 0.8% at 30 days, 9.2% at 1 year, and 25.9% at 3 years. Rates of all-cause readmission were 10.2% at 30 days and 43.3% at 1 year. Rates of heart failure readmission were 2.2% at 30 days and 12.3% at 1 year. Unadjusted rates of mortality and readmission at each time point stratified by QRS duration and LBBB category are presented in Table 2 . By 1 year, unadjusted rates of all outcomes were significantly lower among patients with LBBB and QRS duration of 150 ms or greater. The 1-year cumulative incidence of mortality and readmission among patients admitted for CRT-D implantation was lowest among those with LBBB and QRS duration of 150 ms or greater (6.5% for mortality, 38.6% for readmission), followed by patients with LBBB and QRS duration of 120 to 149 ms (9.7%, 44.8%), pa- tients with no LBBB and QRS duration of 150 ms or greater (11.9%, 45.7%), and patients with no LBBB and QRS duration of 120 to 149 ms (12.0%, 49.6%) (Figure) . After adjustment for demographic and clinical factors, compared with patients with LBBB and QRS duration of 150 ms or greater, the other 3 groups had significantly higher risks of mortality and all-cause, cardiovascular, and heart failure readmission ( Figure, Table 3 ). The adjusted risk of 3-year mortality was lowest among patients with LBBB and QRS duration of 150 ms or greater (20 
Research Original Investigation Outcomes With Cardiac Resynchronization Therapy
The adjusted pairwise comparisons of groups are presented in Table 4 . Among patients with no LBBB, those with QRS duration of 120 to 149 ms had greater risks of mortality and readmission, compared with those with QRS duration of 150 ms or greater. Among patients with QRS duration of 120 to 149 ms, those without LBBB had greater risks of mortality and readmission compared with those with LBBB. No significant differences in outcomes were observed between patients with no LBBB and QRS duration of 150 ms or greater and patients with LBBB and QRS duration of 120 to 149 ms.
Patients admitted for a reason other than CRT-D implantation were older and had greater comorbidity than patients admitted for CRT-D implantation (eTable 1 [Supplement] ). All outcomes, other than infection and mechanical complications, were more common among patients admitted for a reason other than CRT implantation (eTable 2 [Supplement]). De- Abbreviations: HR, hazard ratio; LBBB, left bundle-branch block. a In multivariable analyses, each outcome was modeled as a function of QRS duration and LBBB category, age, sex, race, renal failure, hypertension, diabetes, atrial fibrillation, chronic lung disease, cerebrovascular disease, ischemic heart disease, prior myocardial infarction, prior coronary artery bypass graft surgery, prior percutaneous coronary intervention, congestive heart failure duration, history of syncope, history of ventricular tachycardia, prior congestive heart failure hospitalization, New York Heart Association class, ejection fraction, systolic blood pressure, serum sodium level, serum creatinine level, blood urea nitrogen level, year of procedure, quartile of annualized implanting clinician implantable cardioverter-defibrillator volume, and quartile of annualized site-level implantable cardioverter-defibrillator volume.
Outcomes With Cardiac Resynchronization Therapy Original Investigation Research jama.com JAMA August 14, 2013 Volume 310, Number 6spite these differences, the outcomes were consistent with the findings among patients admitted for CRT-D implantation; patients with LBBB and QRS duration of 150 ms or greater had the lowest incidence of all outcomes (eTable 3 and eFigure 2
[Supplement]). After adjustment, patients with no LBBB and QRS duration of 120 to 149 ms had the greatest risks of mortality and readmission (eTable 4 [Supplement]). The proportionality assumption was met for the QRS duration and LBBB categorical variable in all models except 1-year cardiovascular readmission (P < .01). There was an increase over time in the hazard of cardiovascular readmission for patients with no LBBB and QRS duration of 120 to 140 ms, compared with patients with LBBB and QRS duration of 150 ms or greater (HR, 1.34 at 30 days and 1.63 at 1 year in the full cohort model).
Discussion
In a large population of fee-for-service Medicare beneficiaries who underwent CRT-D implantation in clinical practice, patients with LBBB and a QRS duration of 150 ms or greater had the lowest risks of mortality and all-cause, cardiovascular, and heart failure readmission. After adjustment, no statistically significant differences in outcomes were observed between patients with LBBB and QRS duration of 120 to 149 ms and those without LBBB and QRS duration of 150 ms or greater. Patients with no LBBB and QRS duration of 120 to 149 ms consistently had the greatest risks of adverse outcomes. The observed outcomes of patients with LBBB and a wide QRS duration are particularly notable, given that both LBBB and prolonged QRS duration have been shown to be independent predictors of mortality among patients with left ventricular systolic dysfunction without CRT. 8, 9 Because CRT addresses dyssynchrony, it is not surprising that LBBB and wide QRS duration in CRT recipients were associated with a lower risk of mortality. Although prior data regarding the effects of CRT as a function of QRS duration are largely limited to meta-analyses of clinical trials, this study provides an important perspective on the role of QRS duration in outcomes after CRT implantation in clinical practice. Although all of the clinical trials demonstrating the efficacy of CRT included patients with QRS duration of 120 ms or greater, the mean QRS duration in these trials ranged widely, from 155 to 209 ms. 10 Subgroup analyses in several trials suggested better outcomes among patients with a wider QRS duration, but small numbers may have resulted in insufficient power to identify statistically significant interactions. [11] [12] [13] Although the majority of patients in the present analysis had NYHA class III heart failure symptoms, the results are also consistent with clinical trials including asymptomatic and mildly symptomatic patients that demonstrated the efficacy of CRT in patients with a QRS duration greater than 150 ms. [14] [15] [16] We found that patients with a QRS duration of 120 to 149 ms and LBBB had greater benefit than those with a QRS duration of 120 to 149 ms without LBBB. This finding highlights the combined importance of QRS duration and morphology. The majority of patients enrolled in the clinical trials of CRT had LBBB, which limits the capacity to understand outcomes after CRT in this population. Single-center observational studies have generally found that patients with LBBB experienced greater improvements in symptoms and echocardiographic findings with CRT, but these studies were inconclusive with regard to long-term survival. [17] [18] [19] A large observational study found that right bundle-branch block was associated with higher mortality among Medicare beneficiaries receiving CRT in clinical practice; however, this study did not incorporate QRS duration, which is also central to current guideline recommendations for CRT, nor did it characterize the risks of hospitalization, an important end point in randomized trials of CRT. 20 Moreover, subgroup analysis of the MADIT-CRT (Multicenter Automatic Defibrillator Implantation With Cardiac Resynchronization Therapy) trial found no better outcomes of CRT among mildly symptomatic or asymptomatic patients without LBBB. We observed that patients with LBBB and longer QRS duration fared best among those undergoing CRT-D implantation in clinical practice. We also found that, among patients un- dergoing CRT-D implantation and with QRS duration of 120 to 149 ms, there was significantly lower mortality and lower rates of readmission among patients with LBBB than among patients without LBBB. Our real-world data add to the increasing body of evidence that patients with LBBB have better outcomes after CRT. The American College of Cardiology/American Heart Association/Heart Rhythm Society Guidelines for Device-Based Therapy of Cardiac Rhythm Abnormalities, recently updated based on new clinical trials and additional analyses from previous clinical trials, emphasize the importance of QRS duration and morphology on patient selection for CRT therapy. 21 The revised class I recommendation for CRT is for patients with NYHA class II-IV symptoms, LBBB, and QRS duration of 150 ms or greater. Class IIa recommendations include CRT in patients with NYHA class II-IV symptoms and either LBBB and QRS duration of 120 to 149 ms or no LBBB and QRS duration of 150 ms or greater. The use of CRT in patients with no LBBB and QRS duration of 120 to 149 ms and NYHA class III or IV symptoms is a class IIb recommendation. These guidelines, based on data from clinical trials, have important implications for the selection of the most appropriate patients for CRT in clinical practice. Our findings in this large cohort of patients receiving CRT-D in clinical practice are concordant with the guidelines, which provide stronger recommendations for patients with LBBB compared with those without and for patients with more prolonged QRS duration.
Notably, however, our study does not include a control group of patients who did not undergo CRT to assess the comparative effectiveness of CRT. Therefore, our results should not lead to conclusions regarding the benefit of CRT, or the lack thereof, in patients with QRS duration of 120 to 149 ms and without LBBB. Our findings support the conclusion that the benefits of CRT are likely greater among patients with wider QRS duration and LBBB. However, the findings that patients with LBBB and QRS duration of 150 ms or greater had the best outcomes after accounting for differences in other measured patient characteristics are concordant with current guideline recommendation classifications.
Other issues should be considered in the interpretation of these findings. First, this was an observational study, and observed differences in outcomes among the groups categorized by QRS duration and LBBB may have resulted from residual and unmeasured confounding. However, we were able to adjust for a number of robust baseline demographic and clinical characteristics. Some potential confounders, such as echocardiographic data, lead location, and follow-up strategies, were not available. Second, findings depend on the quality and accuracy of medical record documentation and chart abstraction. However, the ICD Registry has a robust data quality program that enhances data fidelity. 4 Third, the study population consisted of fee-for-service Medicare beneficiaries. Whether the findings would be similar or different in other populations requires further study. Last, we were unable to determine outcomes among patients receiving CRT pacing alone (without defibrillator function) because these patients were not included.
In conclusion, in a population of fee-for-service Medicare beneficiaries undergoing CRT-D implantation in routine clinical practice, LBBB and QRS duration of 150 ms or greater, compared with LBBB and QRS duration less than 150 ms or no LBBB regardless of QRS duration, was associated with lower risk of all-cause mortality and of all-cause, cardiovascular, and heart failure readmissions. These findings support the use of QRS morphology and duration to help identify patients who will have the greatest benefit from CRT-D implantation.
